ABSTRACT
INTRODUCTION

26
Extreme limit states, such as earthquake-or blast-induced collapse in steel framed structures are that simulating this "post-peak" response is critical for accurate structural performance assessment.
36
For example, Ibarra and Krawinkler (2005) show that the post-peak negative stiffness is a 37 dominant parameter controlling seismic collapse of steel framed structures, whereas Fell et al., 43 Elkady and Lignos, 2015) . However, line-element based models using beam-column frame 44 elements remain a popular choice for structural performance assessment in most practical, and 45 even research settings. This is attributed to their computational efficiency, which (despite rapid 46 advances in computing hardware) is increasing in importance as emerging trends in structural 47 models, CFE models offer a convenient way to simulate post-buckling response without the use 71 of softening constitutive laws. The implication is that such non-objectivity is usually more difficult 72 to overcome in fiber models. Figure 1 illustrates this non-objectivity, wherein the negative stiffness 73 in any element (or mesh unit such as Gauss point spacing commonly used in fiber elements) 74 localizes strains in that unit, unloading the neighboring intervals. Thus, the Gauss point spacing
75
(or mesh size) acts as an arbitrary length scale, controlling the strain distribution and global load-76 deformation response. This type of mesh-dependence due to softening is a well-studied developed by Bazant and Oh (1983) and Bazant and Planas (1998) . Although this approach This peer-reviewed published paper appears as: Kolwankar, S., Kanvinde, A., Kenawy, M., Lignos, D.G., and the prior formulation for single-fiber element buckling (Kolwankar et al., 2017) .
were applied at one end of the column whereas axial forces and lateral displacements were applied 208 at the other. Depending on the test problem (see Table 1 ), axial force was applied either 209 simultaneously (i.e., proportionally) with the lateral displacement, or in advance and then held 210 constant during application of lateral displacement. In each case, the axial force was a "follower" 211 force, meaning that it did not induce additional P-delta moments about the fixed end. Elkady prior to local buckling.
219
As a representative example, Figure 3a shows a photograph of a specimen identical to Test 220 Problem #42 (simulated by the FE model in Figure 3b) at the same deformation level as the FE 221 model; the agreement in the deformed shape, as well a similar correspondence between the load 222 deformation plots in Figure 3c indicates fidelity of the simulation. Validated in this manner, results
223
from the FE models may be considered proxies for "true" response for the purposes of developing 224 and evaluating the line-element based model. The following subsections summarize specific 225 information (in addition to the load-deformation curves) that was recovered from the FE models,
226
and its implications for the nonlocal formulation.
227
Localization length (Characteristic length for nonlocal formulation)
228
Physical length scales, associated with localization phenomena (local buckling in this case) are 229 critical from the standpoint of mitigating mesh dependence through the NFE model. In a generic sense, the localization length denotes the distance over which strains increase accompanied by 231 softening, while the adjacent (non-localized regions) unload elastically (i.e., strains decrease) to 232 maintain equilibrium with the softening localized zone. In the context of buckling, the softening 233 does not occur at the continuum scale, because the material at any continuum location hardens 234 monotonically with respect to the continuum strain. Rather, the rotation of the buckling elements
235
(e.g., flange segments) manifests itself as an effective longitudinal strain. Figure 4a 
249
(1)
250
In the above formula, (defined at any location on the flange) is a sufficiently 251 small vector representing the local orientation and length of a line segment on the flange
This peer-reviewed published paper appears as: Kolwankar, S., Kanvinde, A., Kenawy, M., Lignos, D.G., undergo compression, i.e., the strain rate is negative (compressive) throughout the length of 267 the flange. After local buckling, the localized strains result in a contiguous zone within which 268 the projected strain rate is negative (i.e., the buckling zone), whereas the strain 269 rate outside it is positive (i.e., the unloading zone). Figure 4b illustrates the spatial extent of for all other simulations. Referring to this figure, the length of this zone (denoted at any 272 location along the flange) is the greatest along the flange tip (this value is denoted ) and the strain is determined by computing the average longitudinal strain over the flange width.
308
Consequently, the curves represent the aggregated response of the entire buckling flange.
309
Characterizing the constitutive response in this manner (rather than for individual fibers through 310 the flange width) is expedient within the scope of the 2-d line-element formulation for uniaxial 311 bending, which cannot accommodate variation in stresses or strains in the out-of-plane direction.
312
As expected, the resulting curve shows an initial elastic region followed by a well-defined peak such that the hardening modulus is , (4) the critical stress corresponding to localization , (5) the stress and (6) the strain that define the onset and height of the residual stress 337 plateau. These are discussed in greater detail in the section describing their calibration and 338 generalization. Based on these parameters, the stress-strain response may be expressed as follows: Figure 4d ) is represented as 349 bilinear hardening (as defined by the parameters , , and ) without the softening branches.
350
IMPLEMENTATION OF NONLOCAL FORMULATION FOR FIBER-BASED LINE ELEMENT
351
The nonlocal formulation is implemented within the NFE model discussed previously (Fig. 2) The term is a weighted average of strain in the neighborhood of any point:
The term represents a weighting function defined over the length , and is a local 394 variable, such that a bell-shaped weighting function may be generated as:
In which,
The normalizing term prevents spurious alteration of a homogenous strain field. This is 399
termed an "over-nonlocal" formulation (Vermeer and Brinkgreve, 1994), combining the 400 commonly used form of nonlocal strain (usually determined as ), and the local strain . The 
453
In addition to the above points, some other operational processes (that do not influence the 454 final solutions) are adopted to aid convergence. These include: (1) nonlocal strain averaging is 455 invoked only after the peak stress is attained, (2) the nonlocal averaging is conducted for 456 the total, rather than the plastic strain, and (3) the unloading slope (which is activated in the 457 regions-outside the localized zone) is assumed equal to the elastic modulus E.
458
The line-element formulation as described in this section is used to simulate all the test problems 459 shown earlier in Tables 1, and 2 
experiments conducted previously by Lignos et al., (2016). Results
460
of these simulations, when compared to corresponding CFE or experimental results may be used 461 to examine efficacy of the proposed approach -especially as it pertains to mesh sensitivity of the 462 load-deformation response and deformation distribution. This is discussed in the next section.
RESULTS AND DISCUSSION
464
Each of the test-problems summarized in Table 1 following observations may be made:
478
As expected, an increase in axial load ratio results in a decrease in peak strength and steeper
479
(i.e., more rapidly decreasing) post-peak response.
480
The conventional fiber models reproduce peak strength accurately, since they are able to (albeit not shown in Figure 5 ). Importantly, this response is mesh-independent, such that the 495 load deformation curves corresponding to the different element sizes are virtually coincident.
496
In the latter stages of response, the load from the CFE simulations drops somewhat uniformly,
497
whereas that from the NFE stabilizes slightly -this is particularly notable for Figures 5h and determined from NFE-based models at a distance from the cantilever support, i.e., at the 545 center of the localized zone, against . These curvatures are recovered at 546 displacements well into the post-peak or localized regime for three test problems. Referring to the 547 figure, two observations may be made. First, as the mesh size is refined (i.e., is 548 increased), the curvatures converge -indicating that the non-objectivity is effectively mitigated.
549
Recall that for a conventional local formulation, the strains become unbounded as element size is curvature measure as illustrated in Figure 6 , the NFE-based estimates of curvature offer an 560 improvement over the conventional fiber model due to their mesh-independence, implying that 561 they may be interpreted more meaningfully to assess damage.
562
As an additional validation exercise, the NFE models are used to predict response of 2 experiments This peer-reviewed published paper appears as: Kolwankar, S., Kanvinde, A., Kenawy, M., Lignos, D.G., Kunnath, S. (2018)
27 by integrating fiber-scale constitutive response rather than calibration to large scale tests, thereby 577 retaining the key strength of the fiber approach.
578
SUMMARY, CONCLUSIONS, AND LIMITATIONS
579
This article presents a nonlocal fiber-element based framework for simulating 2-d beam-column 580 elements, focused on rolled steel sections susceptible to local buckling-induced softening. The 581 approach overcomes the problem of non-objectivity (i.e., mesh-dependence) which is usually a 582 limitation of fiber based models, while retaining attractive features of fiber models such as the 583 ability to capture interaction, the initiation of plasticity at arbitrary locations, and its spread.
584
The approach provides a computationally efficient alternative to continuum finite element shape, moment gradient, and axial load ratio.
593
The main elements of this approach include: (1) estimation of the physical length scale associated (a) length scale, (b) parameters for the softening constitutive relationship, and (c) desired mesh 599 density; and (5) guidelines for calibration/selection of these inputs.
600
The implemented approach is used for prediction of the CFE simulations (both load-deformation This peer-reviewed published paper appears as: Kolwankar, S., Kanvinde, A., Kenawy, M., Lignos, D.G., Kunnath, S. 
